The pitting susceptibility of passive films formed on X70, X80, and X100 pipeline steels was investigated by means of electrochemical noise (EN) and Mott-Schottky measurements. The EN results were analyzed according to the shot-noise theory and stochastic theory. Pit initiation process was analyzed quantitatively using the Weibull distribution function. Pit growth process was simulated by Gumbel distribution function. The experimental results of Mott-Schottky plots showed that the passive films formed on the three pipeline steels displayed an n-type semiconductor character, and the passive film for X100 pipeline steel has the lowest donor density ( ) among the three passive films. The EN results demonstrated that X100 pipeline steel had the lowest pit initiation rate and pit growth probability, which implied that the X100 pipeline steel had the lowest pitting susceptibility.
Introduction
In the recent years, extensive attentions have been paid to supply oil and gas in a more economic and safer way because of the continuously growing demand in energy consumption. Pipeline is an important way in oil and gas transportation over long distances [1] . In order to transport a greater volume of resources through pipelines, higher operating pressures and larger diameter of pipeline steel are required. Simultaneously, there is always demand from the industry to decrease pipeline construction and operating costs [2] . To date, X70 and X80 pipeline steels have been widely used in the project of oil/gas pipeline construction. X100 pipeline steel, which has a higher strength than X70 and X80 steel, without reducing toughness properties and weldability [1, 3, 4] , may have a good outlook for commercial application in the worldwide pipeline construction.
The construction of high strength steel pipes has been increasing in China, thus arousing unprecedented concern on pipeline security against corrosion damage in soil environments, which may affect the service safety of pipeline steels.
According to international investigations, stress corrosion cracking (SCC) is one of the most destructive deteriorations for oil and gas pipelines [5] . High pH SCC (pH greater than 9.0) has been recognized to be a typical failure mode, which was believed to be due to the selective dissolution and repeated rupture of passive film at the crack tips mechanism [6, 7] . Many researchers [8, 9] considered that the resistance of SCC relied on the properties of passive films formed in concentrated carbonate/bicarbonate solutions. In the presence of aggressive species in the solutions, that is, Cl − ions, the passive film may be broken and usually led to the occurrence of pitting [9, 10] , which was probably the main cause of initiation of SCC [11] . Therefore, besides SCC, passive films properties and pitting behavior of pipeline steels have been the subjects of previous studies [2, [12] [13] [14] . For example, Zeng and Luo [12] demonstrated that the passive film formed on X70 pipeline steel in 0.5 mol/L NaHCO 3 solution (a high pH value simulated soil solution) behaved like an n-type semiconductor and had an electronic band structure. Xue and Cheng [13] confirmed that a stable passivity can be established on X80 pipeline steel in carbonate-bicarbonate 2 International Journal of Corrosion solution, and the addition of chloride ions in the solution resulted in an increasing donor density in the passive film, which was prone to occurrence of pitting corrosion. It is well known that pitting corrosion contains pit initiation and pit growth process [15] . The cycle polarization method is a common method for studying the pitting corrosion [16] ; however, it does not provide much information about the occurrence of pitting and the rate of pit growth. Therefore, it is inadequate to use the method for studying pitting. More recently, electrochemical noise measurement (EN) technique, that is, the spontaneous fluctuations of the potential and/or the current generated during the uniform corrosion and pitting corrosion process, has the advantage of nonintrusive nature, quickness in gathering data, and ease interpretation, and it has been used in the studies of many research groups [17] . For example, Al-Mazeedi and Cottis [18] suggested that the EN measurement provides useful information about the rate of corrosion and localization of corrosion. Zhang et al. [15] used the EN to investigate the pitting susceptibility of Mg-10Gd-2Y-0.5Zr, AZ91D alloy, and pure magnesium in 0.05 M NaCl solution. Qafsaoui et al. [19] analyzed the effect of inhibitor on localized corrosion of Al 2024 by EN, and Klapper et al. [20] considered the influence of the cathodic process on the interpretation of electrochemical noise signals arising from pitting corrosion of stainless steel.
Although some research related to the passive films and pitting of X70 and X80 pipeline steel has been performed [10] [11] [12] [13] , little attention has been paid to analyze the pitting corrosion of X100 pipeline steel in high pH soil environment [21, 22] . Moreover, the EN method has not been widely used on the study of pitting for high strength pipeline steel. In the present work, the corrosion resistance for pitting of the passive film formed on X100 pipeline steels was investigated by means of electrochemical noise analysis combining with conventional electrochemical techniques with comparison of its counterpart X70 and X80 pipeline steel; the EN data were analyzed according to the stochastic theory and shot-noise theory, and the pitting corrosion was distinguished from uniform corrosion, and the pit initiation and pit growth process were estimated using Weibull and Gumbel distribution function, respectively. Therefore, the pitting susceptibility of three passive films was compared based on the EN data.
Experimental
2.1. Sample Pretreatment. X70, X80, and X100 pipeline steels were chosen as experimental specimens. The chemical compositions of the above materials are given in Table 1 . The three materials were embedded in two-component epoxy resin and mounted in a teflon (PTFE) holder, with an exposed area of 1.0 cm 2 . All the working surfaces were polished using fine grade emery papers of 240, 360, 600, 1000 and 1500 grit sizes. In order to ensure a clean pipeline steel surface before any exposure to the electrolyte solutions, the specimens were cleaned with ethanol after the polishing procedure.
The passive films were formed on X70, X80, and X100 pipeline steel in 0.5 mol/L NaHCO 3 solution, which was used to simulate the composition of the high-pH soil. To make the pitting behavior of passive films be more evident, the electrochemical experiments including impedance measurement and EN measurements were carried out in 3.5 wt.% NaCl solution. All of the solutions were prepared with analytical grade reagent and distilled water. The solutions were exposed to air and were quiescent in all the electrochemical experiments. All experiments were performed at room temperature.
Characterization.
The microstructure of all the samples was observed with a Leica Q500MW metallurgical microscope. The electrochemical experiments were carried out in a conventional three-electrode system using EG&G PARSTAT 2273 electrochemical workstation. The counter electrode was a graphite sheet and all the potentials are referred to the saturated calomel electrode (SCE). The working electrode was the three pipeline steel samples. Prior to all experiments, the working electrodes were prepolarized at −1.3 V for 180 s to remove the surface oxide films formed in air and then the passive films were formed potentiostatically on the three pipeline steels at 0.7 V for 1 h. The electrochemical impedance spectroscopy measurements were employed using a frequency range of 100 kHz down to 10 mHz and an amplitude of 10 mV; the EIS data was fitted using the ZSimpWin3.20 software. For Mott-Schottky measurements, a 5 mV sine wave modulated signal was employed with a constant frequency of 1 kHz and a step rate of 20 mV. Electrochemical noise measurements were performed using EN mode. The electrochemical current noise was traced as the galvanic coupling current between the two identical passive pipeline steels kept at the same potentials. EN data were instantaneously recorded with time for 1 h. Each set of EN records, containing 100 data points, was kept with a data-sampling interval of 0.25 s. 100-time record were analyzed. The corrosion micrographs after EN measurements were observed using TESCAN VEGA3SBH scanning electronic microscope (SEM). ( Figure 1(a) ) exhibited a complex microstructure including fine acicular ferrite (AF) and granular bainite (BF), which gave rise to high strength of pipeline steel [23, 24] . The microstructure of X80 steel (Figure 1(b) ) may be a combination of polygonal ferrite (PF) and granular bainite (BF), and X100 steel (Figure 1(c) ) was also mainly composed of AF, BF, and martensitic-austenitic particles (M-A) distributed along the grain boundaries, and M-A phases can improve significantly the strength of X100 pipeline steel as the second phase.
Results and Discussion

Electrochemical Impedance Measurements of the Passive
Films. Electrochemical impedance spectroscopy (EIS) is an important technique to investigate the protective character of passive films against corrosion [25, 26] . Figure 2 displays the Nyquist plots of the passive films in 3.5 wt.% NaCl solution, and the passive oxide films were grown on X70, X80, and X100 pipeline steels at +0.7 V in 0.5 mol/L NaHCO 3 solution for 1 h to promote the passive film growth. It was noted that the shape of the plots for the three passive films was similar and all plots consisted of a single capacitive arc. The increasing diameter of the capacitive arc indicated that the corrosion resistance of passive films decreased in the following order: X100 > X80 > X70 pipeline steel.
The impedance spectra were fitted by the equivalent circuit diagram in Figure 3 , where represents the solution resistance and and represent the passive film resistance and the passive film capacitor, respectively. The impedance of Figure 2: Nyquist plots of passive films for X70, X80, and X100 pipeline steels in 3.5 wt.% NaCl solution.
the is described mathematically as the following relation [27] :
0 and are the constant and the value range of is 0 < < 1. Figure 4 depicts the resistance ( ) of passive films for the three pipeline steels according to the fitted results of EIS. It was obvious that the resistance value of passive films for X100 steel was the highest, so it may be inferred that passive films of X100 pipeline steel were denser and more uniform than those of other two pipeline steels [28] .
Semiconductor Properties of the Passive Films.
The semiconductor behavior of the three passive films was investigated. Figure 5 provides the results of the capacitance measurements of the three passive films on X70, X80, and X100 pipeline steels. A linear behavior was observed from 0.2 V to 0.7 V, and the positive slope of the linear segment indicated that the passive films expressed an n-type semiconductor character [29] . For an n-type semiconductor, the inverse of the square of the capacitance, −2 , varied linearly with the applied electrode potential ( ), according to the equation derived from the Mott-Schottky model [30] . Assuming that the passive films were constituted by a defective -Fe 2 O 3 or Fe 3 O 4 / -Fe 2 O 3 that followed this model [12] , the donor density of the passive films can be estimated from the slope of linearly fitted Mott-Schottky plots based on the following equation:
where is the dielectric constant of passive films, here is taken as 15.6 [12, 29] , 0 is the vacuum permittivity constant (8.85419 × 10 −12 F/m), is the elementary charge (1.6 × 10 −19 C), is the donor density of donors, is the external electrode potential applied, fb is the flat band potential, is the Boltzmann's constant (1.38 × 10 −23 J/K), is the absolute temperature (298 K), and / is about 25 mV at room temperature, which can be negligible.
According to the PDM, corresponded to the point defects in the passive films [30] , and the possible defect in passive film was oxygen vacancy and/or interstitial iron for n-type semiconductor. However, it was impossible for interstitial iron because the iron atoms were so large that there were few of them in interstitial positions due to the energy barrier. Thus, the primary defect in the passive films for pipeline steel is represented by oxygen vacancies [31, 32] . Generally, the defects were potential sites where film breakdown and pitting initiation were supposed to occur, so the smaller the , the lower the chances of these processes. The calculated results of for the three passive films are shown in Table 2 . It was clear that the was lower for passive films grown on X100 pipeline steel than X70 and X80 steel, meaning that the passive film of X100 steel had a decreasing concentration of oxygen vacancies and a more stable structure. Thence, it may be inferred that the passive film formed on X100 pipeline steel has a higher protection against pitting corrosion, compared with those passive films formed on X70 and X80 steel. the three passive films are shown in Figure 6 . It can be found that the curve of passive films of X100 pipeline steel exhibited larger amplitude fluctuations, meaning that a competitive process between pit initiation and passive film repassivation was undertaking on the metal surface. In contrast, X70 and X80 pipeline steels showed smaller amplitude fluctuations, indicating that the repassivated process of passive films was weak [15] .
Electrochemical Noise Analysis on Corrosion
The noise resistance was an important parameter for the electrochemical noise data analysis, which was defined as the ratio of a standard deviation of the potential noise to that of the current noise [17] , and the was the inverse of the corrosion rate [33] . Therefore, the corrosion behavior of the pipeline steels can be forecasted through [34] . Figure 7 shows the instantaneous values of the reciprocal of the noise resistance, 1/ , for the three passive films during 1 h immersion period in 3.5 wt.% NaCl solution. The test results displayed that the values of 1/ for the passive films of X100 pipeline steel were lower than other two passive films of X70 (5.0441 × 10 −4 Ω −1 ⋅cm −2 ) and X80 (2.1657 × 10 −4 Ω −1 ⋅cm −2 ) steel, indicating the corrosion rate of X100 pipeline steel was lower than other two steels. information of the mass of metal lost in the corrosion event using Faraday theory. It was calculated by the following equation:
where is the average charge in each event, is the frequency of events, and Ψ and Ψ are the low frequency limit 0.01 Hz of power spectral density of potential and current noise, respectively. is the Stern-Geary constant. Figure 8 reveals the corrosion charge ( ) of the three passive films for X70, X80, and X100 pipeline steels. The results showed that the baseline (approximately 800 C) for the corrosion charges of the passive film for X70 pipeline steel was about 10 times and 100 times larger than those for X80 and X100 steel, respectively, meaning that the X100 steel has a better corrosion resistance than X70 and X80 steel.
Stochastic Analysis for Pit Initiation Rate.
Cottis and AlMazeedi [18, 35] considered that described the frequency of events. In general, it was expected that high frequency events would tend to occur all over the surface, and the corrosion would therefore be uniform. In contrast, low frequency events must be removing relatively large amounts of material at individual locations, and the corrosion would be rather localized. Thus, provided relatively good discrimination between uniform corrosion and local corrosion, and a small indicated localized corrosion, and a large meant uniform corrosion. The was plotted in Figure 9 as a function of the cumulative probability, . It can be seen from Figure 9 that the values of passive films for X100 pipeline steel were slightly larger, and the range of values was also wider than those of other two pipeline steels, meaning that the X100 steel had further uniform corrosion, while X70 and X80 pipeline steels would tend to local corrosion, that is, pitting. The stochastic analysis of nonhomogeneous Poisson process can be analyzed using Weibull distribution, which was considered to provide some information on pit initiation [36, 37] . Figure 10 describes the Weibull probability plots ln{ln[1/(1 − (1/ ))]} versus ln(1/ ) plots of the passive films for X70, X80, and X100 pipeline steels. It was found that all the plots showed two linear regions in one plot, which was likely to imply the existence of two failure modes, depending on 1/ . Because only uniform and pitting corrosion will occur during the noise measurement, these two slopes represented two limiting cases corresponding to dominant pitting International Journal of Corrosion 7 corrosion and dominant uniform corrosion, respectively [38] . It was suggested that the slopes in the relatively shorter 1/ region were associated with uniform corrosion, and the slopes in the relatively longer 1/ region were responsible for pitting corrosion such as metastable pitting or pit initiation [37] . It can be found that the line towards the left of the Figure 10 represented dominant uniform corrosion, and the line towards the right of the Figure 10 represented dominant pitting corrosion. The conditional event generation rate ( ) is employed as a kind of failure rate in reliability engineering, which is defined as
where and are the shape and scale parameters, respectively. is a dimensionless parameter and is expressed as . Based on the Weibull distribution function, the value of ( ) represented the generation probability of the events in the next unit time for the sample in which events have not been generated when has elapsed. This just corresponded to the pit embryo formation rate in pitting corrosion [15, 31, 36] .
The values of the shape parameter and scale parameter for pitting corrosion were estimated from Figure 10 , which are listed in Table 3 . The pitting initiation rate ( ) was determined by inserting the values of and given in Table 3 into (4), and the resulting ( ) is illustrated as a function of time in Figure 11 . It was observed that the value of ( ) of passive films for X100 steel was obviously lowed compared to those of X70 and X80 pipeline steels at a given time , which indicated that the metastable pitting or pit initiation was suppressed. Therefore, the pit initiation rate decreased in the following order: X70 > X80 > X100 steel.
Stochastic Analysis For Pit Growth.
In order to describe the pit radius of the passive films formed on pipeline steels, the Gumbel extreme value distribution was used [39] . If the pits were assumed to be hemispherical, the pit radius can be calculated according to [15] (cm
where is the volume of pit cavity, is the charge passed, is molecular mass, is Faraday constant, is density, and pit is radius of pit cavity, respectively. Figure 12 : Gumbel probability plots of passive films for X70, X80, and X100 pipeline steel.
The largest pit sizes within each of the EN segments and the values were subjected to extreme value statistics analysis. The values of the reduced variant are plotted in Figure 12 against the ordered pit sizes. From Figure 12 , it can be found that stable pit (radius > 10 um) occurred on the three passive films of X70, X80, and X100 pipeline steel, and the pit radius could be ranked in a reduced series: X70 > X80 > X100 steel.
Corrosion Morphology Observation.
After the electrochemical noise measurements, the corrosion micrographs of the three passive films were observed by SEM ( Figure 13 ). It was clear that the number of pits could be ranked in a reduced series: X70 > X80 > X100 steel. Moreover, X100 pipeline steel exhibited a smaller pit radius than that of X80 and X70 steel. This meant that the stochastic analysis of EN results concerning pit initiation and pit growth was available.
Combining the results of EN data and SEM, the passive film for X100 pipeline steel displayed the lowest pit initiation rate and pit growth probability, which indicated that X100 pipeline steel had the lowest pit susceptibility followed by X80 and X70 pipeline steel.
Conclusions
The passive films formed on X70, X80, and X100 pipeline steel in 0.5 mol/L NaHCO 3 solution expressed an n-type semiconductor character, and the passive film of X100 steel displayed a lower donor density than other two passive films for X70 and X80 pipeline steels.
The EN data obtained from three films have been analyzed based on the combined stochastic theory and shotnoise theory. The pitting process could be distinguished from the electrochemical noises according to the events of relatively lower frequency regions. The pit initiation process has been analyzed based on Weibull distribution function, while pit growth process has been analyzed using a Gumbel distribution function. These results implied that the pitting susceptibility of the passive films can be ranked as a decreasing series: X70 > X80 > X100 pipeline steel.
